tion technique, cannulation of the radial artery in infants and small children can be challenging, even for experienced providers. To overcome this issue, a number of alternative techniques have been developed to improve the success rate of radial arterial cannulation.
Utilizing a Doppler to aid in radial artery cannulation has been well described. 2 -4 The exact location of the artery is identified by a change to a higher pitch or loss of Doppler tones as the tip of the cannula contacts and compresses the artery. Success rates of using this technique have been shown to be around 90% for experienced anaesthesiologists. † Recent studies have also suggested the efficacy of real-time, ultrasound (US) image-guided vascular access techniques in the paediatric population. 5 -7 Cannulation of the internal jugular vein using US improves the success rate and reduces accidental arterial puncture compared with the landmark technique. 5 Furthermore, Schwemmer and colleagues 8 reported a pilot study demonstrating the utility of real-time US techniques for radial arterial cannulation in infants and small children. The study showed 100% success rate when experienced personnel utilized this technique. Although success rates of both of these techniques are remarkably high in the hands of skilled providers, the utility of these two techniques when used by non-expert personnel has not been studied. Since a large fraction of cannulations are performed by non-experts (particularly in training programmes), a better understanding of the value of these methods in this provider population is important. Thus, in this study, the investigators compared success rates of radial arterial cannulation in infants and small children when non-expert personnel used either the Doppler-assisted or US-guided technique.
Methods
This study was approved by our Human Subjects Committee (Human Subjects Office, The University of Iowa, Iowa City, IA, USA), and registered at Clinicaltrials.gov as NCT01276158 (January 11, 2011). Written informed consent was obtained from the parents of 104 patients. Study subjects were selected from patients who were undergoing scheduled major surgery requiring continuous arterial pressure monitoring. Inclusion criteria included term neonates and children weighing ≥3 and ,12 kg. Patients excluded from the study included those who had signs of a skin infection or a wound near the puncture site, abnormal circulation of the hand, recent arterial puncture ,1 month earlier, and patients requiring emergency surgery.
The patients were assigned by randomized block design to either the Doppler-assisted technique group or the US-guided technique group. Assignments were contained in prepared opaque envelopes that were opened just before cannulation. To ensure balance between operators in each study procedure, each operator was randomly assigned procedures in blocks of four. Each block had a random arrangement of two US-guided and two Doppler-guided techniques. Once an operator participated, he or she was required to complete two to three blocks (i.e. each operator performed the Doppler-assisted technique four or six times and the US-guided technique four or six times).
The operator was either a clinical anaesthesia year 2 or 3 (CA-2, CA-3) resident or cardiac anaesthesia fellow. None of the participants had previously performed either US-guided or Doppler-assisted radial artery cannulation in paediatric patients more than five times. Before starting the study, each operator received a formal demonstration on the use of each technique using a simulated paediatric radial artery. After anaesthetic induction, the patient's hand was secured on an arm board in a neutral position without a wrist roll. An US (HD 11 XE; Andover, MA, USA) via a linear transducer (L15-7io) was utilized to measure the diameter of the radial artery. The side of the artery to be used was determined by operator discretion or surgical indication. The frequency of the transducer was set to 15 MHz with a depth of 1.0 cm. The diameter of the radial artery was measured three times and averaged at the level of the radial head without dorsiflexion of the wrist. The field was then sterilely prepped, draped, and all procedures from this point on were performed in a sterile fashion.
US-guided technique
The US-guided technique was performed in the following manner: after the transducer was prepared with a sterile cover, the radial artery was identified using US (HD 11 XE) with a linear transducer (L15-7io) in the short-axis view. Approximately 0.5 cm distal to the probe, a small cut in the epidermis and dermis was made at the insertion site using an 18 G needle. A 24 G catheter (Jelco w , Smith Medical International Ltd, Rossendale, UK) was advanced at a 15-308 angle until the tip of the needle was seen on the image. Fine adjustments were made with the needle until the tip was seen in contact with the anterior wall of the artery. The needle was then advanced until the artery collapsed and re-expanded or blood appeared in the hub. The metal stylet was removed and if the flash of blood continued, a wire was inserted through the catheter and was advanced into the artery using the Seldinger technique. If there was no flash of blood after the stylet was removed, the cannula was withdrawn until blood flow was observed. The catheter was then replaced with a 22 G catheter (Cook Medical Inc., Bloomington, IN, USA) over a guide wire.
Doppler-assisted technique
The Doppler-assisted technique was performed in the following manner: the radial artery was located when the area of the maximum flow (sound) was found with the Doppler probe (915 BL Doppler Ultrasound, 9 MHz 1/4 in diameter skinny pencil style; Parks, Las Vegas, NV, USA). As was done with the US technique, a cut in the skin was made about 0.5 cm distal to the probe. The Doppler probe was held over the artery throughout the cannulation process. The exact position of the artery was identified when increased pitch or loss of Doppler tones indicated that the needle was compressing the artery. The needle was then advanced until Doppler tones returned to baseline, indicating re-expansion of the artery, or blood appeared in the hub. The following steps were the same as the US-guided technique.
Time to successful arterial cannulation was measured, starting from when either the Doppler or US probe made contact with the patient's skin and ending when proper placement of the 22 G catheter was confirmed by an arterial waveform seen on the monitor after connecting the catheter to a transducer. Attempts were quantified as the number of needle advances through a new skin puncture or if the needle tip was completely withdrawn from the skin.
If arterial cannulation was unsuccessful after 10 min, the study was ended. At this point, it was at the faculty's discretion to rescue the operator using the technique, operator, or site of their choice. The means by which successful arterial cannulation was achieved were recorded. Data were recorded by one of the research team members who were not involved in anaesthetic management of the case.
Adverse events were monitored on postoperative days 1 and 3. The insertion site and the hand were examined for thrombosis, haematoma, infection, or ischaemia distal to the insertion site. The results of these examinations were added to a continuously updated summary of complications according to the group.
Statistical methods
All the analyses were performed according to intention-to-treat. The x 2 test was used to compare the US and Doppler groups on categorical data. A two-sample independent t-test was used to compare the groups on continuous normally distributed data. When the Shapiro-Wilks test indicated non-normality, the Mann -Whiney U-test was used. Time to successful arterial cannulation was illustrated by the Kaplan-Meier curve and compared using the log-rank test.
To build the most parsimonious model to find variables that independently associated with the first-attempt success rate, the following steps were taken. First, the covariates with univariate P-values of ,0.2 were considered as potential covariates in the multivariable logistic regression model. Then, logistic regression analysis with stepwise forward selection model was used to identify the independent covariates that were associated with the first-attempt success rate. Finally, the covariates that have P-values of ,0.05 in the presence of other covariates in the model were kept in the final logistic regression model. Potential covariates considered in the model selection were device, age, weight, trainee level (CA-2, CA-3, or cardiac anaesthesia fellow), systolic arterial pressure, and systolic and diastolic diameter of the radial artery. Correlations between two continuous covariates are assessed by the Pearson correlation coefficient. When correlation coefficients were .0.8, the more statistically significant covariate was selected in order to avoid multicollinearity. The goodness of fit of logistic regression model was evaluated by a c-statistic.
After the first 50% of patients' enrolment (104 patients), the departmental research committee decided to terminate the study because of low accrual (May 2011). A significance level of 0.05 was used for hypothesis testing. SPSS 19.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis.
Sample size considerations
Based on results from similar Doppler-assisted and US-guided studies, 2 8 we estimated 40% and 60% first-pass success rates for these groups in our sample of interest. A sample size of 100 patients in each group would provide 80% power to compare these groups at the 0.05 significance level with a two-sided x 2 test. Therefore, a total of 200 patients were planned for enrolment.
Results
A total of 104 patients were included in the study; 52 children were randomized to either the US-guided or Doppler-assisted group. A total of 12 trainees performed the cannulations. Ten of the trainees performed four procedures each and two of the trainees performed six procedures each. Two cases were counted as failures according to the intention-to-treat principle: (i) an unintentional femoral arterial cannulation (Fig. 1) .
Analysis of covariates potentially associated with the firstattempt success is shown in Table 3 . Since systolic and diastolic diameter of the artery showed high correlation (r¼0.87, P,0.01), only diastolic diameter was chosen. 
Discussion
This prospective randomized study demonstrated the superior efficacy of real-time US visual image-guided radial arterial cannulation by non-expert anaesthesiologists in infants and small children. The results additionally support a growing body of literature that has shown the utility of US-guided vascular access in small paediatric patients by expert and nonexpert personnel. 5 6 8-10 There has been only two studies investigating the utility of US-guided radial arterial cannulation in paediatric patients with conflicting results. 8 11 Possible reasons for their conflicting results could be explained by the (i) age difference of the enrolled children, (ii) frequency of the US probe used, and (iii) experience level of the operators. Therefore, the current study was designed to avoid these previous biases and to generalize the utility of this technique. Only neonates and small infants were selected as subjects due to their challenging nature as subjects for radial arterial cannulation. In order to optimize the US image, a 15 MHz frequency US probe was used, and the operators were naïve to both US-guided and Doppler-assisted techniques to avoid experience bias. Furthermore, by using block randomization, each operator had equal experiences in each technique (four to six in each technique) in order to reduce personal technical skill bias. By accounting for these potential biases, the results from this study most likely represent and validate the advantage of utilizing the US-guided technique for small paediatric radial arterial cannulation by non-expert anaesthesiologists, and therefore encourage the use of the US-guided technique for this procedure. The advantage of using US-guided technique is that it offers not only the location of the radial artery but also depicts the dynamic changes of the artery due to the distortion caused by needle advancement. Inspection of the image during cannulation frequently showed the needle compressing or displacing the radial artery as it was advanced and additionally allowed readjustment of the direction of the needle precisely. Further, a lack of blood flashback occurred frequently even if the needle tip was visually seen transfixed in the artery. This finding can only be appreciated with the US-guided technique.
In order to use the US-guided technique competently, dexterity in handling the US probe must be achieved. This involves the operator manipulating both the probe and the needle while watching the US image screen. Many operators in our study initially had difficulties in obtaining an US image without compressing the artery while advancing the needle. Thus, there is a learning curve in order to acquire these hand-eye coordination skills. 12 The guidelines published by The British Medical Ultrasound Society and The Royal College of Radiologists (www.rcr .ac.uk/docs/radiology/pdf/ultrasound.pdf) suggested more than 25 US-guided vascular access attempts in adults are needed to become competent. It is likely that more experience will be required to be deemed competent when applying this technique in the paediatric population. The diastolic diameter of the artery was the most statistically significant covariate associated with the first-attempt success. Cannulation success was clearly greater when exploratory analysis was performed with an arbitrarily post hoc determined cut-off value of diastolic arterial diameters ≥1 mm (Table 4) . For example, the first-attempt success rate was more than three times higher in the US-guided group vs the Doppler-assisted group (15% vs 50%). The arterial vascular bed distal to a radial artery is typically vasodilated under general anaesthesia, which makes the radial artery collapsible and difficult to advance a catheter or guide wire into the arterial lumen during diastole. 13 -15 Further investigation is warranted if any haemodynamic manipulation (i.e. volume load or vasopressor administration) could enlarge the size of a radial artery and thus improve the success rate of cannulation.
Limitations
Although initially the total number of 200 patients was considered by the sample size calculation, the study was prematurely terminated after enrolment of 104 patients because of slow enrolment according to the tight inclusion criteria and difficulty in obtaining consent from paediatric patients. Almost 2 yr were spent to achieve 100 patients enrolment (August 2009 to May 2011). Therefore, the result needs to be interpreted with caution because the study is underpowered, specifically, the negative result of overall success within 10 min, where CI of OR included 1, might be due to type II error.
In conclusion, the US-guided technique for radial arterial cannulation in neonates and infants utilized by non-expert improved the first-attempt success compared with the Doppler-assisted technique. However, even with the US-guided technique, radial arterial cannulation in this population is still challenging for personnel with limited experience. Further investigation is needed to enhance this technique to improve success rates. Table 3 Variables associated with the first-attempt success. Values are presented as mean (SD) and number of patients unless stated otherwise. OR, odds ratio; CI, confidence interval; IQR, inter-quartile range; US, ultrasound; SAP, systolic arterial pressure; HR, heart rate; SYD, systolic diameter of the radial artery; DID, diastolic diameter of the radial artery; CA-2, the second year clinical anaesthesia resident; CA-3, the third year clinical anaesthesia resident; CA-4, cardiac anaesthesia fellow; *SYD was excluded from the multiple logistic regression model because there was high correlation between SYS and DID (r¼0.87, P,0.01) 
